Introduction
14 Ceti (HD 3229, HR 143) has been classified as F5V (Gray 1989) and either F5IV or F5IV-V (Hoffleit & Warren 1991) . It was included as a "single star with no H-K emission" in a sample devoted to the "attempt to connect the rotations of main-sequence stars with their chromospheric properties" (Wilson 1966 ). It was observed over 25 years as part of the HK Mount Wilson survey (Duncan et al. 1991 , Baliunas et al. 1995 . Baliunas et al. (1995) inferred a possible activity cycle of about five years, but with a poor confidence level. Noyes et al. (1984) predicted a rotational period of 2.4 days for 14 Ceti from the CaII H & K properties. 14 Ceti appears in the "ROSAT all-sky surSend offprint requests to: michel.auriere@ast.obs-mip.fr ⋆ Based on data obtained using the Télescope Bernard Lyot at Observatoire du Pic du Midi, CNRS/INSU and Université de Toulouse, France.
vey catalogue of optically bright main-sequence stars and subgiant stars" (Hünsch et al. 1998) . Its X-ray luminosity of 0.33 10 30 erg s −1 is rather strong for an F5-type star (Schmitt et al. 1985) , but is not unique in the ROSAT catalogue (Hünsch et al. 1998) . Its [L X /L bol ] as presented by Bruevich et al. (2001) is similarly also high.
Since the properties of its chromosphere and corona are indicative of magnetic activity, we included 14 Ceti in a magnetic (Zeeman) survey of evolved single intermediatemass stars with Narval and detected its surface magnetic field (Aurière et al. 2009a ). 14 Ceti then became the only star between F0 and F7 spectral types to be Zeemandetected. It could then be either the hottest known star hosting a dynamo-driven surface magnetic field, or another example of a descendant of an Ap-star, such as EK Eri (e.g. Stepień et al. 1993 , Aurière et al. 2011 ). We present here the Zeeman investigation that we have conducted to infer the origin of the magnetic activity of 14 Ceti, and discuss its possible evolutionary and magnetic status as inferred from stellar evolution models.
Observations with Narval

Observations
We used Narval at the TBL (2m telescope Bernard Lyot at Observatoire du Pic du Midi, France), which is a copy of the new generation spectropolarimeter ESPaDOnS (Donati et al. 2006a) . Narval consists of a Cassegrain polarimetric module connected by optical fibres to an echelle spectrometer. In polarimetric mode, the instrument simultaneously acquires two orthogonally polarized spectra covering the spectral range from 370 nm to 1000 nm in a single exposure, with a resolving power of about 65000.
A standard circular-polarization observation consists of a series of four sub-exposures between which the half-wave retarders (Fresnel rhombs) are rotated to exchange the paths of the orthogonally polarized beams within the whole instrument (and therefore the positions of the two spectra on the CCD), thereby reducing the spurious polarization signatures. The extraction of the spectra, including wavelength calibration, correction to the heliocentric frame, and continuum normalization, was performed using LibreESpRIT (Donati et al. 1997 ), a dedicated and automatic reduction package installed at TBL. The extracted spectra are produced in ASCII format, and consist of the normalised Stokes I (I/I c ) and Stokes V (V /I c ) parameters as a function of wavelength , along with their associated Stokes V uncertainty σ V (where I c represents the continuum intensity). We also include in the output "diagnostic null" spectra N , which are in principle featureless, and therefore serve to diagnose the presence of spurious contributions to the Stokes V spectrum.
14 Ceti was observed on 7 nights between August 2007 and December 2008, then 23 nights during a survey in the 2011-2012 season. These observations are listed in Table 1 . The exposure time for each observation was 40 min and the maximum signal-to-noise ratio (S/N) in Stokes I per 2.6 km s −1 spectral bin was between 490 and 1000. To complete the Zeeman analysis, least squares deconvolution (LSD, Donati et al. 1997 ) was applied to all observations. This is a multi-line technique, similar to crosscorrelation, which assumes that all spectral lines have the same profile, scaled by a certain factor. We used a digital mask with about 6,500 photospheric lines, calculated for an effective temperature of 6500 K, and log g = 4, using the Kurucz models (1993) . In the present case, this method enabled us to derive Stokes V profiles with a S/N that was higher by a factor of about 30 than those for single lines. We then computed the longitudinal magnetic field B l in G, using the first-order moment method (Rees & Semel 1979 , Donati et al. 1997 . Kochukhov et al. (2010) investigated the LSD method, showing that it provides estimates of the longitudinal magnetic field that are accurate to within a few percent for fields weaker than 1 kG, as which are considered here.
The activity of the star during the same nights was monitored by computing the S-index (defined from the Mount Wilson survey, Duncan et al. 1991 ) for the chromospheric Ca ii H & K line cores on our spectra. Our procedure was calibrated using the main-sequence solar-type stars of Wright et al. (2004) . We measured the radial velocity (RV ) of 14 Ceti on the LSD Stokes I profiles using a Gaussian fit. The long-term stability of Narval is about 30 m s −1 (e.g. Moutou et al. 2007 , Aurière et al. 2009b ) and the absolute accuracy of individual measurements relative to the local standard of rest is about 1 km s −1 . Table 1 provides the date, HJD, the CaII H & K Sindex, B l value and its uncertaintiy in G, and RV .
Magnetic field, S-index, and RV measurements
The surface magnetic field of 14 Ceti is Zeeman-detected on each observation described in Table 1 . Figure 1 shows the LSD Stokes V , N null polarization, and Stokes I profiles obtained on 25 September 2008. On each date, the Stokes V profile does not display any peculiar details apart from the large-scale smooth behavior shown in Fig. 1 . This can be explained by the small v sin i of 14 Cet, which is measured to be 5 ± 1 km s −1 (de Medeiros & Mayor 1999) . Table 1 Our observations confirm that 14 Ceti does not contain emission cores in the chromospheric Ca ii H & K lines (e.g. Fig. 2 ). In reality, the core profiles are as deep as the "wingnibs" described by Cowley et al. (2006) for main-sequence A-stars. The S-index values reported in Table 1 The RV varies within the range 11.640-11.700 km s
during the four years of observations. It is weaker by 100 km s −1 on 21 December 2008, 22 July 2011 and 19 January 2012. These differences can be due to different atmospheric conditions (Moutou et al. 2007 ). The stability of RV confirms that 14 Ceti is a single star.
Magnetic field and S-index variations, and search for the rotational period
Figure 3 plots the 30 B l (upper graph) and S-index (lower graph) measurements. This figure shows that the large timescale variations in B l and S-index are the same. On 18 August 2007, the weakest values were observed for both measurements. In September-December 2008, a general decrease in B l and S-index was measured. In the JulyDecember 2011 observations, there is a general increase, then a possible decrease during the January 2012 observations, in both the B l and S-index. If these variations were due to the rotational modulation, they would be indicative of a rather long rotational period, of a few months. Since Noyes et al. (1984) predicted a short rotational period for 14 Ceti, we surveyed the magnetic field in September 2008 but did not observe significant variations for four observations spanning along six days. We performed a new survey over the 23 nights of the 2011-2012 observational season of 14 Ceti, obtaining a more finely sampled and longer series. Table 1 and Fig. 4 (upper graph) show some marginally significant variations in B l during the September-January span of the 2011-2012 observations with a timescale of a few tens of days and an amplitude of about 3-4 G. Figure 4 (lower graph) shows that the Sindex does not correlate with B l on this timescale. We then searched for periodic variations using the procedure described in Petit et al. (2002) and the Zeeman Doppler imaging models of Donati et al. (2006b) , in a way described in In summary, after investigating our complete data set, we were unable to detect a rotational period shorter than 100 days, but the observed variations in both the B l and S-index might correspond to a rotational period of a few months.
3. Abundances, fundamental parameters, and evolutionary status of 14 Ceti Van Eck et al. (in prep.) determined the stellar parameters of 14 Ceti and measured the abundances of several elements based on a detailed synthesis analysis of some of the spectra of Narval listed in Table 1 . Some results of interest are already discussed in the present paper. In particular, the derived effective temperature of T eff = 6425 ± 25 K can be used to pinpoint the position of 14 Ceti in the Hertzsprung Russell diagram as shown in Fig. 5 , where the luminosity of the star was obtained using the Hipparcos parallax of van Leeuwen (2007) , the V magnitude from the 1997 Hipparcos catalogue, and the bolometric correction following Flower (1996; BC=0) . When compared to the standard evolutionary tracks of Charbonnel & Lagarde (2010) at solar metallicity that corresponds to the value of [Fe/H] derived from the Narval spectra, a mass of 1.5 M ⊙ was inferred for 14 Ceti. As can be seen in Fig. 5 , the star is expected to have entered the Hertzsprung gap. As previously mentioned, 14 Ceti has abundances close to solar, except for Li and Be, which are depleted as previously found by Lèbre et al. (1999) and Boesgaard et al. (2001) . As discussed in more detail in Van Eck et al. (in prep.) , the Li and Be observed values can be explained by rotation-induced mixing for two different assumptions, i.e., considering that the star was either a fast rotator that has undergone no magnetic braking while on the main-sequence, or that it was initially a slow rotator that has undergone strong magnetic braking. Since the value of v sin i is relevant to the present work, we made our own check for its determination. Table 1 , and for the S-index an error of 0.002 is illustrated.
14 Ceti. This value is smaller than the average macroturbulence measured for F5 IV stars (e.g. Gray 1992). Feltzing et al. ( 2007) found that adding a rotational broadening did not improve the spectral line fitting. Adopting a macroturbulence of v RT = 5.44 km s −1 and given the spectral resolution of Narval, we verified that a value of v sin i larger than 4 km km s −1 can be excluded.
Origin of the magnetic field of 14 Ceti
14 Ceti is the only Zeeman-detected low-mass star in the range between F0 (the coolest Ap stars, whose magnetic fields are large-scale and assumed to be of fossil origin; Johnson et al. 2006 ) and F7 (the hottest stars Zeemandetected, whose magnetic fields are believed to be of dynamo origin; Donati & Landstreet 2009). The detected surface magnetic field of 14 Ceti, with a longitudinal magnetic field currently reaching -30 G, is strong for an evolved star (e.g. Konstantinova-Antova 2009, Aurière et al. 2009a, and 2012 in preparation) . This value is one order of magnitude greater than the observed one at the surface of a few of the hottest main-sequence F7 stars that have been previously Zeeman-detected (mean field of a few G, e.g. Donati and Landstreet, 2009) , and reaches a value observed in the highly active young F7-F9 star HR 1817 (mean field of 25-50 G, Marsden 2006 and private communication) . On the other hand, the magnetic strength of Table 1 , and for the S-index an error of 0.002 is illustrated. Fig. 5 . Position of 14 Ceti in the Hertzsprung Russell diagram, using the effective temperature derived by Van Eck et al. (in prep.) and the Hipparcos luminosity (see text). Standard evolutionary tracks at solar metallicity by Charbonnel & Lagarde (2010) are shown from the zero-age main-sequence on, for different masses as indicated by the labels.
14 Ceti is moderate, compared to those observed for the cool Ap stars, which are generally greater than a few hundred G (e.g. Ryabchikova et al. 2005) . One has to take into account the evolution of the star, since 14 Ceti is entering the Hertzsprung gap, where the convective envelope starts deepening (which is favourable for a dynamo-driven magnetic field), and when the stellar radius increases (which would weaken a large-scale fossil magnetic field).
The two natural ways of explaining the magnetic strength of 14 Ceti are then either the star is a very fast rotator with a dynamo-driven magnetic field, or it is the descendant of a cool Ap star, which is a rather slow rotator (Abt and Morrell 1985) . The determination of the rotational period of 14 Ceti would have enabled us to infer directly the origin of its surface magnetic field, but we did not succeed in our investigation (Sect. 2.2), though a period longer than a few months may be present. In the following, we discuss the two different options and their implications.
14 Ceti as a fast rotator
At the location of 14 Ceti in the HRD, we note that the 1.5 M ⊙ , Z ⊙ , rotating model of Charbonnel & Lagarde (2010) , which was computed with an initial velocity of 150 km s −1 and presented by Van Eck et al. (in prep.) , has a radius of 2.51 R ⊙ , a surface velocity of 75 km s −1 , and fits the observed Li and Be abundances. From these parameters and assuming solid-body rotation, we infer a rotational period of about 1.7 d. In these conditions, the inclination should be less than 4
• to explain the observed v sin i (≤ 4 km s −1 , see Sect.
3). The model also gives a convective turnover time of about four days at the bottom of the convective envelope. The inferred Rossby number at the bottom of the convective enveloppe is therefore about 0.5 and a solar-type dynamo could be driven (Durney & Latour 1978) at this evolutionary stage for a fast rotating star. However, at the location of 14 Ceti in the HRD, the theoretical external convection zone is thin (about 8% of the stellar radius) and its mass corresponds to that of a mainsequence star of about 1.25 M ⊙ , i.e. a late FV star (using models of Charbonnel & Lagarde, 2010) . The magnetic field strength of 14 Ceti would be expected to be comparable to those that are Zeeman-detected among the most active late F main-sequence stars.
For the hottest stars on the main-sequence where a magnetic field is believed to be dynamo-driven, a survey of solar-type stars is in progress with Narval (e. g. . The hottest star Zeeman-detected up to now by this survey is the F7V star HD 75332, as shown in Fig. 3 of Donati & Landstreet (2009) , and the surface magnetic field is of a few G. Other late F stars have also been Zeeman studied in the case of planet-hosting stars. The first of these was τ Boo (F7V, P rot = 3.1 d) for which the mean magnetic field strength is measured to be a few G ( Catala et al. 2007 , Donati et al. 2008 , Fares et al. 2009 ). Several F stars observed by CoRoT also deserved deep Zeeman investigations with ESPaDOnS and Narval. The active stars HD 49933 (Garcia et al. 2010 , Ryabchikova et al. 2009 ) and WASP-12 (Fossati et al. 2010) were deeply observed but have no Zeeman detection. In the course of the present study, we also performed an observation with Narval of a kind of twin of 14 Ceti with the same spectral class and the same X-ray emission (HD 25621, Hünsch et al. 1998 ): we achieved no Zeeman detection, with a 1 σ upper limit for B l of 2 G. From these surveys, only very few late F stars have been Zeeman-detected, and the magnetic field of 14 Ceti is in general one order of magnitude stronger than theirs. Only the very active F7-9 young star HR1817 (Gagné et al. 1999 , Budding et al. 2002 has a magnetic field that has been measured to be strong as that of 14 Ceti (HR 1817: P rot ≈ 1 d, B mean ≈ 25-50 G, Mardsden et al. 2006 , Marsden 2012 . B mean is the mean unsigned magnetic field and is in general stronger than |B l | max (e.g. ξ Boo A, Morgenthaler et al. 2012) . However, HR 1817 has the same characteristics as very active stars, including strong CaII H & K emission cores and X-ray emission at the 10 30 erg s −1 level, in contrast to 14 Ceti, which has a more quiet chromosphere and not so strong coronal activity. As discussed previously, the convective envelope of 14 Ceti (T eff = 6425 K) is relatively small and associated with a theoretical convective turnover-time of about four days (Van Eck et al., in prep.) , when it is expected to be about 20 d for HR 1817 (Gagné et al. 1999 , T eff = 6100 K, Marsden 2012, private communication) , which is more favourable for dynamo operation.
14 Ceti as the descendant of a cool Ap star
Owing to its small v sin i (≤ 4 km s −1 see Sect.3), and strong |B l |, 14 Ceti is a natural candidate for an Ap star descendant. Assuming solid rotation, the rotational period (in day) is longer than or equal to :
where R * is the radius of the star in R ⊙ (see e.g. Aurière et al. 2007 ). For a representative value of 60
• for i and using the star radius inferred from the model of Charbonnel & Lagarde (2010) , we find a rotational period longer than 27 days.
For an Ap-star descendant, assuming conservation of magnetic flux during the post-main-sequence evolution (Stepień 1993) , the surface magnetic field strength is expected to decrease as the stellar radius expands as (R * ) −2 . On the main-sequence, the 1.5 M ⊙ progenitor of 14 Ceti, would be of F2 spectral type (Allen 2000) with a radius of 1.4 R ⊙ . The present magnetic strength of 14 Ceti would therefore be 3.2 times weaker than that of its Ap star progenitor. If we consider that the topology of the magnetic field can be still be represented as a dipole (as in the case of the Ap-star-descendant EK Eri, which is more evolved than 14 Ceti, Aurière et al. 2011) , its B l variations could be fitted by an oblique rotator model (ORM, Stibbs 1950) , similar to that presented by Preston (1967) and reviewed by Aurière et al. (2007) . In this framework and for any geometry, the strength of the dipole is greater than
In our case, B d is greater than 120 G, and the dipole strength of the Ap star progenitor is greater than about 370 G, i.e. stronger than the minimum magnetic field for an Ap-star of about 300 G found by Aurière et al. (2007 We note that the solar abundances reported by Van Eck et al. (in prep.) for 14 Ceti, including elements that are hugely overabundant in Ap stars, might appear surprising for an Ap-star-descendant that is just leaving the mainsequence. However, the atmospheric-abundance anomalies induced in main-sequence Ap stars by gravitational and radiatively driven atomic diffusion are expected to be erased by the deepening convective envelope at the location of 14 Ceti in the HRD for a 1.5M ⊙, Z⊙ star (Vick & Richard, private communication). This was confirmed by the rotating models presented by Van Eck et al. for a 1.5 M ⊙, Z⊙ star computed with slow initial velocity between 20 km s −1 and 50 km s −1 and assuming magnetic braking, as required to explain the low Li and Be abundances of 14 Ceti. In this case, the increase in both shear and meridional circulation induced by the magnetic braking in the presence of an existing fossil magnetic field is expected to wipe out the Ap overabundances.
Conclusion
14 Ceti is a rare star that has been Zeeman-detected in the temperature range where both fossil Ap-type and dynamodriven magnetic fields could coexist. Evolutionary models for both of these hypotheses (corresponding to slow and fast rotators, respectively) can explain the observed abundances of 14 Ceti (Van Eck et al., in prep.) . The observed strong |B l | for 14 Ceti is unexpected for a dynamo-driven magnetic field in an F-type star on the main-sequence or beyond (Sect. 4.1), and is only approached by the very active F7-F9 young star HR 1817. On the other hand, finding that |B l | is about 30 G for an Ap-star-descendant in the evolutionary state of 14 Ceti is more natural since it would correspond to the dipole strength in the range observed on the mainsequence for cool Ap stars, using an ORM of reasonable geometry and assuming conservation of the magnetic flux during the evolution. We have been unable to determine the rotational period of 14 Ceti. However, investigating our measurements obtained in 2011-2012, we could not detect any period shorter than 100 days, whereas when we consider our complete data set, the observed variations of both the B l and S-index suggest a rotational period of a few months.
If 14 Ceti is an evolved Ap star as we presently propose, its magnetic properties can be naturally explained, as in the case of EK Eri (Aurière et al. 2008 (Aurière et al. , 2011 , by the interplay of convection with a dipolar magnetic field of fossil origin. That 14 Ceti abundances are solar and that Ap star overabundances were wiped out on its entering the Hertzsprung gap (Van Eck et al., in prep.) , explains why no evolved Ap stars have so far been detected by mean of spectroscopy.
